Abstract -This paper proposes a novel algorithm to clean up a large collection of historical handwritten documents kept in the National
Introduction
The National Archives of Singapore keeps a large collection of double-sided handwritten historical documents. Due to seeping of ink over long periods of storage, the front page of each document has been severely marred by the reverse side writing. As the original copies of these historical documents are carefully preserved and not available for public reading, photocopying of these documents for public access makes the documents even more difficult to read (See Figure 1) . There is thus a need to enhance these images by removing the interfering strokes.
When we were first approached by the National Archives of Singapore, we tried to look for existing methods to deal with this problem. In the process, we found Negishi's several automatic thresholding algorithms [1] in extracting character bodies from the noisy background. The algorithms dealt with terribly dirty and considerably large images, and cases where the gray levels of the character parts overlap with that of the background. We later found Liang and Ahmadi's [2] morphological approach to extract text strings from regular periodic overlapping text/background images. Searching on further saw two binarization algorithms by Chang et al. [3] and Jiang and Hong [4] using histogram-based edge detection and thin line modeling, respectively. Finally, Don's [5] method utilized the noise attribute features based on a simple noise model to overcome the difficulty that some objects do not form prominent peaks in the histogram. While appealing as they are, the above methods cannot be applied directly to our problem, mainly because the interfering strokes appear in varying intensities relative to the original foreground strokes in different documents. In certain cases, the edges of the foreground strokes are more prominent than the interfering strokes. Image (a) in Figure 1 presents such a case. On the other hand, the interfering strokes sometimes look even darker than the foreground strokes, as we can observe from image (b) in Figure 1 . So an entirely different approach has to be resorted for these historical documents.
In our earlier work [6] [7], we introduced methods for matching both sides of a page to identify the offending strokes originating from the back so as to eliminate such strokes from the front. It is based on the observation that the interfering strokes cannot be stronger than its originating stroke because not all ink seeped through the page.
In [6] , a point pattern matching algorithm is used to retrieve the correspondence between two sides. Once the matching pixels are found, the intensity difference determines which pixel is originated from the reverse side and should then be removed.
The adopted algorithm is tolerant to varying transformation due to image distortion. On the other hand, as the matching is processed pixel by pixel, the method is not efficient enough to be used in real-time applications.
We further proposed a wavelet transform [7] to strengthen the foreground strokes and weaken the interfering strokes. The method first manually matches both sides of a document page. Then the foreground and interfering strokes are identified roughly, which guide the revision of wavelet coefficients during the wavelet transform. The wavelet transform is performed iteratively to improve the readability of the document image step by step. Perfect mapping of strokes from both sides, however, is difficult due to reasons such as (1) different document skews and resolutions during image capture of both sides, (2) inadvertently missing out of a reverse page during scanning, and (3) warped surfaces caused by the placement of the thick bound volume of the documents on the scanner's glass plate. It is with these considerations that another approach without the need for the reverse page is proposed in this paper.
It is observed that the writing style of these documents is slanting from the lower-left to upper-right. In contrast, by its mirror image effect, the interfering strokes originating from the reverse side are slanting from the upper-left to lower-right. We therefore would like to take advantage of this distinguishing feature to separate the foreground strokes and the interfering strokes using techniques such as wavelet. However, the conventional wavelet transform for image highlights and separates the horizontal and vertical edges into different wavelet frequency domain [8] . Therefore it is not suitable for our application. To exploit the directional property of the strokes in these documents, we develop a directional wavelet transform for 2-D image which separates the foreground strokes and the interference mainly in different wavelet frequency domains. A theoretical analysis shows that it can be implemented by orientation filtering operation of conventional filters.
In section 2, we will elaborate the directional wavelet based method. Section 3 will present the experimental results of the proposed system, which is followed by the conclusion in section 4.
Proposed Method
The writing style of the document determines the differences between the orientations of the foreground and the interfering strokes. Basically the foreground and the interfering strokes are slanting along the directions of 45° and 135° respectively. It is known that a two-dimensional wavelet transform extracts the spatial information contained in the image, more precisely, the horizontal, vertical and diagonal components. However, in our application, we need to differentiate 45° and 135° components. One way is to rotate the document image 45° clockwise. Thus the foreground strokes become horizontal and the interfering strokes are parallel to the vertical axis. But this approach introduces additional storage, computational cost and some distortion of image caused by the rotation operation. A more straightforward method is to use a directional wavelet transform for the image, in which the wavelet filters are convolved along the directions of 45° and 135°
instead of horizontally and vertically, so that the foreground strokes will be captured in one component and on the other hand, the interfering strokes will contribute to the other component.
Directional Wavelet Transform
is as follows,
where j is the scale index,
are the wavelet approximation coefficients of
are the wavelet coefficients accordingly. For simplicity, we use
In the normal wavelet transform, 2-D scaling and wavelet functions are constructed by a tensor product of 1-D scaling and wavelet functions of two separable variables [8] . The proposed 2-D directional wavelet transform for image is constructed as follows, 
In this paper we use parameters 4 / , 2 c π θ = = for document image analysis application.
It is well known that wavelet is translation variant. However translation invariance is desired for some applications, such as signal denoising and our document image analysis.
Translation invariant wavelet transform is proposed for signal applications [9] . It is equivalent to wavelet transform without downsampling in other words, frames in some sense. The following theorem gives the translation invariant directional wavelet transform.
Theorem: Using the orthogonal/biorthogonal 2-D directional wavelet defined in (1) and (2), directional wavelet transform decomposition and reconstruction are computed as in (3) and (4) 
hold for the orthogonal wavelets and do not hold for biorthogonal wavelets. The proof is given in the appendix. 
In the application, the original image is regards as
It is obvious that (3) and (4) can be implemented by the convolution of conventional wavelet filters along 45° and 135°.
The three-level wavelet decomposition generates the wavelet coefficients and approximation coefficients as below. The decomposition results for the first level decomposition are shown in Figure 2 .
As we can observe from the images above, the foreground and background strokes with the diagonal orientation are distinct and highlighted in the images of ) , (
respectively, therefore directional wavelet transform output is suitable for further image processing operations for the document image [7] . An alternative is to 
Daubechies [10] has proved that there is no symmetric orthogonal wavelet except for Haar wavelet, so in the image compression and image processing applications biorthogonal wavelets are in popular use. In this paper we use biorthogonal wavelets with It is noticed that the reconstructed foreground strokes is much darker than the interference images. So unwanted noise can be easily removed after binarization (See Figure 4) . 
Image Recovery
Directional wavelet transform produces a clean output; however some of the foreground strokes become broken when interfering strokes that were intersecting with these foreground strokes have been removed. And it is obvious that small pieces of strokes may have extremely different orientations other than the majority and the system will remove them together with the interference. To deal with this problem, the reconstructed image from the above now serve as loci for us to recover streaks of gray level images from the original document image, such that the neighboring pixels within a 7×7 window centered on each edge pixel are recovered. It may be perceived as that while tracing along the edges, a small 7×7 window is opened up to view the original document image (see Figure 5 ). The size of the window is based on the average width of the strokes in the documents. This window is more reasonably defined for performing adaptive thresholding. Through this recovery, isolated or broken foreground strokes are fully restored. Figure 6 shows the restored images of foreground strokes. To improve the final appearance, the restored images are binarized using Niblack's [11] method and the resultant images are shown in Figure 7 . 
Experiment Results And Discussion
The performance of our approach has been evaluated based on the scanned images of historical handwritten documents from the National Archives of Singapore. 
In equations (7) and (8), the total number of words detected refers to the words appearing in the final output, some of which are the original words on the front side and some are from the reverse side (interfering words). The total number of words in the document refers to all the original words on the front side of a document image. If some words on the front side are lost or not recovered properly in the resultant image, the whole word is considered lost and not counted. If parts of a word from the reverse side appear, the total number of words detected will be increased by 1. Precision shows how well the system can remove the interfering strokes while recall is an indication of the performance of the system in restoring the front page to its original state.
The evaluation of the 50 images is shown in table 1, and the first image with its final binarized results are shown in Figure 8 . Table 1 shows a high average precision and recall of 87.5% & 92.4% respectively. By enhancing and smearing wavelet coefficients sufficiently, almost all the original foreground strokes can be detected. However, in the image recovery process, although the interfering strokes have already been removed, bits and pieces of interfering strokes can still fall into the 7×7 window and remain as interference in the foreground. On the other hand, a few strong interfering strokes are erroneously regarded as the foreground strokes. These have thus prevented the system from achieving a perfect recall and precision. 
Conclusions And Future Work
In this paper we introduce a new method based on directional wavelet to remove interference appearing in historical handwritten documents. This new algorithm improves the appearances of the original documents significantly. Currently we are looking into the development of a flexible method to work with strokes of arbitrary θ and more general affine transform A other than constant multiply a unitary matrix in (2). This will then allow other such historical documents with different stroke orientations to be applied with the directional wavelet. 
Proof
We only prove the first equation of (3), all other equations in (3) and (4) can be proved in same way.
We first prove the following equation,
According to the definition,
We prove (9) holding for 2 cases according to the parity of n m + , 
In new coordinate system, the conventional 2-D wavelet transform
can be defined as (1) 
We do the affine transform That is the first equation of (3). That completes the proof.
